1. Introduction {#s0005}
===============

Oxidative stress is an imbalance of the oxidants/antioxidants tilting toward an oxidative status, and is characterized by the higher level of reactive oxygen species (ROS) and reactive nitrogen species (RNS) than normal physiological state [@bib1]. It could be triggered by a lot of factors, e.g. heavy metals, xenobiotics, free radicals, drugs and ionizing radiation. Exposure of cells to these toxicants and oxidants impairs cellular components (e.g. lipids, proteins and nucleic acids), and initiates the pathogenesis of many diseases, including neurodegenerative diseases, cardiovascular diseases, chronic obstructive pulmonary disease (COPD), diabetes, and cancer [@bib2], [@bib3], [@bib4]. Since the direct exposure to the oxidants and toxicants produced by the aggravation of environmental pollution and the increased number of smokers, human lung tissue is apt to be harmed to give rise to acute and chronic oxidative insults, which leads to the high incidences of lung diseases, such as COPD, asthma, lung cancer, pulmonary fibrosis [@bib1], [@bib5], [@bib6]. For instance, lung cancer has become the leading cause of cancer-related deaths worldwide [@bib7], and COPD has been estimated to be the third global leading cause of death by 2020 [@bib6].

Activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated defensive response is an effective mean of counteracting exogenous oxidative insults in lung tissues. Under basal conditions, Nrf2 binds to its repressor Kelch-like ECH-associated protein 1 (Keap1), and is maintained at a low level in cytosol through Keap1-mediated ubiquitylation and 26S proteasome-mediated degradation. When cells are exposed to oxidants and toxicants, Nrf2 is released from Keap1, translocates into the nucleus, binds to the antioxidant response element (ARE) located in the promoter region of cytoprotective genes, and activates their transcriptions [@bib8], [@bib9]. These ARE-containing genes include: (i) intracellular redox-balancing proteins, such as γ-glutamyl cysteine synthetase (γ-GCS) and heme oxygenase-1 (HO-1) that maintain the cellular redox capacity and eliminate ROS; (ii) phase II detoxifying enzymes, including NAD(P)H: quinone oxidoreductase 1 (NQO1) and glutathione S-transferase (GST), which promote excretion of toxicants. In view of the functions of Nrf2-mediated genes, the role of Nrf2 in protection of oxidative insult-induced lung diseases has been proved by the experiments *in vivo*. Compared with Nrf2 wild-type littermate mice, Nrf2-deficient mice are more susceptible to oxidant and toxicant (e.g. arsenic, cigarette smoke, diquat)-induced insults in lung tissue [@bib10], [@bib11], [@bib12]. Thus, identification of molecules that activate Nrf2-mediated defensive responses is an efficient strategy for discovering lead compounds with the therapeutic potential against oxidative stress-related lung diseases.

Natural product without doubt fulfills irreplaceable roles in drug discovery, and is invaluable source for drug candidates and leads. Plenty of natural products and 'natural product-like' chemicals demonstrated the potential as therapeutic agent against oxidative stress-related diseases, exemplified by curcumin, resveratrol, quercetin, sulforaphane [@bib13], [@bib14], [@bib15], [@bib16], [@bib17]. In our continuous search of natural Nrf2 activators and investigation of their therapeutic potential on oxidative insult-induced lung diseases [@bib17], [@bib18], [@bib19], the EtOH extract of *Cinnamomum chartophyllum* (Lauraceae), which is mainly distributed in the south and southeast of Yunnan province of China [@bib20], activated Nrf2 pathway and protected human bronchial epithelial (HBE) cells against H~2~O~2~ and As(III)-induced cell death [@bib18]. Importantly, no phytochemical investigation on this plant has been reported, and accordingly the chemical constituents with Nrf2 inducing effect in this plant remain unknown.

In the present research, a systematic phytochemical investigation of *C. chartophyllum* combined with aNAD(P)H: quinone reductase (QR) screening assay was performed to identify the potential Nrf2 activators of this plant. The chemical composition of *C. chartophyllum* has been illustrated for the first time, and a sesquiterpenoid bearing α, β-unsaturated ketone group, 3*S*-(+)-9-oxonerolidol (NLD), and a polyphenol, 3, 3′, 4, 4′-tetrahydroxydiphenyl (THD) with potential Nrf2 inducing effect were chosen for further studies. Our results indicated that NLD and THD significantly activated Nrf2 and its downstream genes, enhanced the nuclear translocation and stabilization of Nrf2, and protected human lung epithelial cells against sodium arsenite \[As(III)\]-induced cytotoxicity. Collectively, NLD and THD are two novel Nrf2 activators with potential application of preventing oxidative insults in human lung epithelial cells.

2. Materials and methods {#s0010}
========================

2.1. Chemicals {#s0015}
--------------

Sulforaphane (SF), menadione, digitonin, As(III), and flavin adenine dinucleotide were purchased from Sigma-Aldrich (MO, USA). Cycloheximide (CHX), 4′, 6-diamidino-2-phenylindole (DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT), bromophenol blue, glycerol, and bovine serum albumin (BSA) were obtained from Genview (TX, USA). Glucose-6-phosphate dehydrogenase and nicotinamide adenine dinucleoide phosphate (NADP) were purchased from Regal (Shanghai, China). β-Mercaptoethanol was obtained from Dingguo (Beijing, China). Eagle\'s minimal essential medium (MEM), and RPMI1640 were acquired from Gibco (CA, USA). Fetal bovine serum (FBS) was purchased from Gemini Bio-product (CA, USA). Glucose-6-phosphate and [L]{.smallcaps}-glutamine were obtained from Solarbio (Beijing, China).

2.2. General experimental procedures {#s0020}
------------------------------------

^1^H and ^13^C NMR spectra were recorded on a Bruker Avance 600 spectrometer (Bruker, Germany) at 600 (^1^H) and 150 (^13^C) MHz, respectively. High-resolution ESI-MS mass spectra were carried out on a LTQ-Orbitrap XL instrument (Thermo, USA). Semi-preparative HPLC was performed on a Shimadzu SPD-20A instrument (Shimadzu, Japan), using an YMC-Pack ODS-A column (250 × 10 mm, 5 µm). Silica gel (200--300 mesh, Haiyang Co., Qingdao, China), and Sephadex LH-20 gel (Amersham Biosciences, USA) were used for column chromatography. Pre-coated silica GF254 plates (Haiyang Co., Qingdao, China) were used for TLC analysis.

2.3. Plant material {#s0025}
-------------------

The aerial parts of *C. chartophyllum* were collected from Xishuangbanna, Yunnan Province, China, in September 2011, and identified by Prof. Lan Xiang, School of Pharmaceutical Sciences, Shandong University. The voucher specimen has been deposited at the Laboratory of Pharmacognosy, School of Pharmaceutical Sciences, Shandong University, under the accession number XSBN2011-ZK-02.

2.4. Extraction and isolation {#s0030}
-----------------------------

The air-dried and powdered aerial parts (5.4 kg) of *C. chartophyllum* were extracted with 95% EtOH (10 L × 4). The dried EtOH extract (300.4 g) was suspended in water, partitioned successively with petroleum ether, EtOAc and n-butanol. The petroleum ether soluble partition (15.7 g) was separated over silica gel column chromatography (CC) and eluted with a gradient of petroleum ether--EtOAc to yield twenty fractions (Frs. P1--P20). Compounds **22** (12.3 mg), **23** (9.3 mg), **29** (4.1 mg), **30** (5.2 mg) and **21** (20.9 mg) were precipitated from frs. P1, P11, P6, P7, and P14, respectively. Fr. P9 was subjected to silica gel CC using a gradient of petroleum ether--EtOAc to give **27** (5.7 mg) and **28** (4.3 mg). Fr. P10 was separated on a Sephadex LH-20 column to furnish **26** (3.9 mg). Fr. P15 was chromatographed on Sephadex LH-20 to afford six subfractions (Frs. P15a--P15f). Frs. P15d and P15e were purified by semi-preparative HPLC to give **1** (3.8 mg), **3** (3.9 mg) and **8** (2.6 mg). Compounds **10** (2.4 mg), **11** (2.8 mg), **12** (2.0 mg), **17** (4.2 mg), and **19** (1.6 mg) were purified from fr. P16 by semi-preparative HPLC. Fr. P18 was fractionated by Sephadex LH-20 CC and semi-preparative HPLC to give **18** (1.0 mg).

The EtOAc-soluble partition (33.8 g) was separated on a silica gel CC using a gradient of petroleum ether--EtOAc to afford nineteen fractions (Frs. E1--E19). Compounds **24** (3.1 mg) and **25** (4.4 mg) were precipitated from frs. E8 and E9, respectively. Fr. E13 was separated by a Sephadex LH-20 CC to afford nine subfractions (Frs. E13a--E13i). Fr. E13e was purified by semi-preparative HPLC to afford **9** (2.5 mg). Fr. E13h was submitted to a Sephadex LH-20 CC and further separated by semi-preparative HPLC to give **4** (2.0 mg), **14** (10.3 mg), **15** (17.8 mg), and **20** (2.0 mg). Fr. E14 was fractionated by CC on Sephadex LH-20 and semi-preparative HPLC to yield **2** (1.5 mg), **5** (1.1 mg), **6** (2.6 mg), **7** (4.1 mg), **13** (13.5 mg), and **16** (33.0 mg). Detailed procedure on the extraction and isolation of chemical constituents from *C. chartophyllum* has been summarized in [Supplementary materials](#s0160){ref-type="sec"}.

2.5. Cell culture {#s0035}
-----------------

Hepa 1c1c7 murine hepatoma cells, human breast carcinoma MDA-MB-231 cells, and normal human lung epithelial Beas-2B cells were obtained from American Type Culture Collection (Manassas, VA, USA). Hepa 1c1c7 cells were cultured in MEM supplemented with 10% FBS and 0.29 g/L [L]{.smallcaps}-glutamine. MDA-MB-231 cells and Beas-2B cells were maintained in RPMI1640 supplemented with 10% FBS and 0.29 g/L [L]{.smallcaps}-glutamine. All of cells were incubated at 37 °C in a humidified incubator containing 5% CO~2~.

2.6. Cell viability assay {#s0040}
-------------------------

Cells were seeded in a 96-well plate at a density of 1.0 × 10^4^ cells/well, and were treated with indicated concentrations of NLD and THD. After culturing for the indicated time, 20 μL of MTT solution (2 mg/mL) was added to each well and incubated for additional 3 h at 37 °C. Then, the supernatant was discarded carefully, and cells containing reduced MTT were dissolved in 100 μL DMSO. After a brief period of shaking, the absorbance was measured at 570 nm on the Model 680 plate reader (Bio-Rad, CA, USA).

2.7. NAD(P)H: quinone reductase (QR) assay {#s0045}
------------------------------------------

Hepa 1c1c7 cells were seeded in a 96-well plate at a density of 1.0 × 10^4^ cells/well, and were treated with indicated doses of purified constituents for 24 h. The medium was decanted, and cells were incubated with 30 μL of lysing solution \[0.8% digitonin and 2 mM EDTA solution (pH 7.8)\] for 15 min at 37 °C. Then, a complete reaction solution was prepared by mixing 15 mg bovine serum albumin, 6 mg MTT, 150 μL 1.5% Tween 20, 1 mL 0.5 M Tris--HCl, 15 μL 7.5 mM flavin adenine dinucleotide, 150 μL 150 mM glucose-6-phosphate, 6 μL 10 units/μL glucose-6-phosphate dehydrogenase, 15 μL 50 mM NADP, 20 μL 50 mM menadione and 18.4 mL H~2~O, and was added into the cell lysates for 170 μL/well. After incubation for 4 min, a blue color was developed and the absorbance was measured at 630 nm on the Model 680 plate reader.

2.8. Dural luciferase reporter gene assay {#s0050}
-----------------------------------------

MDA-MB-231 cells were seeded in a 24-well plate at a density of 1.5 × 10^5^ cells/well, and were transfected with ARE-luciferase plasmid and renilla luciferase plasmid using lipofectamine 2000 (Invitrogen, CA, USA). Then, the transfected cells were treated by indicated doses of NLD and THD for 18 h. Firefly and renilla luciferase activities were measured using the Promega dual luciferase reporter gene assay system (WI, USA). Firefly luciferase activity was normalized to renilla luciferase activity, and the induction of luciferase activity was determined as a ratio compared to the control group.

2.9. Immunoblot analysis {#s0055}
------------------------

Antibodies for Nrf2, NQO1, γ-GCS and Lamin A were purchased from Santa Cruz Biotechnology (CA, USA). Antibodies for Keap1, and β-actin were purchased from Proteintech Group (IL, USA). Cells were seeded in D35 dishes and treated with different doses of NLD and THD for the indicated time. Then, cells were lysed in sample buffer \[50 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.05 g bromophenol blue, and 10 mL β-mercaptoethanol\], and were separated by SDS-PAGE on 10% gel and electrophoretically transferred into a nitrocellulose membrane (Millipore, MA, USA). Then, the membrane was blocked with 5% skim milk in PBST for 1 h at room temperature and incubated with antibodies against Nrf2, Keap1, NQO1, γ-GCS, Lamin A, and β-actin at 4 °C overnight. After rinsing, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. The protein bands were detected by ECL reagents using Bio-Rad ChemiDoc XRS+ system (CA, USA). Chemiluminescent signal was analyzed using Image J analyze system.

2.10. Immunofluorescence {#s0060}
------------------------

Beas-2B cells (4.0 × 10^4^ cells/well) were seeded in a 12-well plate which have been pre-placed cell climbing pieces at the bottoms, and were treated with indicated doses of NLD and THD for 18 h. Then, the cells climbing pieces were washed with PBS and fixed with −20 °C methanol/acetone (1:1) for 10 min. The cell climbing pieces were incubated with primary rabbit anti-Nrf2 antibody at 4 °C overnight. After 3 times washing in PBS, the cell climbing pieces were incubated with Alexa Flour 594 (Proteintech Group, IL, USA) for 1 h at room temperature in the darkness, and nuclei were covered with DAPI for 10 min. The fluorescence signals were imaged using Olympus BX53 fluorescence microscope coupled to Olympus DP73 digital camera (Tokyo, Japan).

2.11. Nrf2 protein half-life measurement {#s0065}
----------------------------------------

The half-time of Nrf2 was analyzed by protein decay experiments. Beas-2B cells were seeded in D35 dishes and pre-incubated with or without NLD and THD for 8 h. After treatment with 50 μM CHX, cells were collected at 0, 10, 20, 30, 40 min. Then, cells were subjected to immunoblot analysis.

2.12. Glutathione (GSH) assay {#s0070}
-----------------------------

Intracellular reduced glutathione (GSH) concentration was determined using the reduced glutathione assay kit (Jiancheng Bioengineering Institute, Nanjing, China). Beas-2B cells were seeded in D60 dishes, and were treated with different doses of NLD and THD for 24 h. The following procedures were carried out according to the manufacturer\'s instructions. All samples were carried out in triplicate for each experiment, and the value from the untreated group was set as 1.

2.13. ROS detection {#s0075}
-------------------

The effects of NLD and THD on As(III)-induced production of ROS in Beas-2B cells were examined using ROS kits (Keygen Biotech, Nanjing, China). Beas-2B cells were incubated with indicated doses of NLD and THD for 8 h, and then treated with 5 μM As(III) for 10 h. Then, DCFH-DA (10 μM) was added for additional 30 min according to manufacturer\'s protocols. Cells were washed with PBS for three times, and photographed using an Olympus BX53+DP73 fluorescence imaging system (Tokyo, Japan).

2.14. Acridine orange (AO)/ethidium bromide (EB) staining {#s0080}
---------------------------------------------------------

Beas-2B cells were seeded in D35 and pre-incubated with or without indicated doses of NLD and THD for 8 h. After incubation with 5 μM As(III) for 12 h, cells were washed with PBS and stained with AO/EB according to the manufacturer\'s instructions (Keygen Biotech, Nanjing, China). Then, cells were photographed using an Olympus 1×71 fluorescence imaging system (Tokyo, Japan).

2.15. Annexin V-FITC /PI double staining {#s0085}
----------------------------------------

Beas-2B cells were seeded in D35 dishes, pre-incubated with or without indicated doses of NLD and THD for 8 h, and then were treated with 5 μM As(III) for 24 h. After being washed and harvested with PBS, cells were dissolved in 100 μL 1X binding buffer, and stained with Annexin-V and PI according to the manufacturer\'s instructions (BD Biosciences, CA, USA). The fluorescence was measured with excitation at 488 nm and emission at 520 nm by a FACSC alibur flow cytometer (BD Biosciences, CA, USA).

2.16. Molecular docking analysis {#s0090}
--------------------------------

The crystal structure of Keap1 in complex with 3-(4-chlorophenyl)propanoic acid (PDB code 5FNQ) was downloaded from the Protein Data Bank ([www.rcsb.org](http://www.rcsb.org){#ir0005}) [@bib21]. The confirmations of NLD and THD were generated using SYBYL-X, and the energy was minimized with Tripos force field and Gasteiger-Huckel charges. The cocrystalized structure was prepared using SYBYL-X. Hydrogens were added and the energy was minimized with the Amber force field and Amber charges. The docking of NLD and THD into the Keap1 binding site was performed using the GOLD program to give best-docked conformations. After docking, the new ligand-protein complex was formed through merging the best-docked conformation of NLD and THD into the ligand-free protein of Keap1, and then was subjected to energy minimization with the Amber force field and Amber charges. Finally, the ligand-protein complex was imported into PyMol software for the image optimization.

2.17. Statistical analysis {#s0095}
--------------------------

One way analysis of variance (ANOVA) and post hoc multiple comparison Bonferroni test were used to determine the significant difference between two groups. Results are presented as the mean ± SD. P \< 0.05 was considered to be significant.

3. Results {#s0100}
==========

3.1. Isolation and structure elucidation of chemical constituents {#s0105}
-----------------------------------------------------------------

To characterize the chemical constituents with Nrf2 inducing effect, a systematic phytochemical investigation of aerial parts of *C. chartophyllum* was performed using multiple chromatographic methods. The EtOH extract was partitioned sequentially by petroleum ether, EtOAc, and n-butanol. Repeated chromatography of the petroleum ether and EtOAc extracts by silica gel CC, Sephdex LH-20 CC, and semi-preparative HPLC, led to the isolation of thirty known chemical constituents. Their structures were identified to be 3*S*-(+)-9-oxonerolidol (NLD, **1**) [@bib22], 3, 3′, 4, 4′-tetrahydroxydiphenyl (THD, **2**) [@bib23], L-sesamin (**3**), genkwanin (**4**), kaempferol (**5**), quercetin (**6**), 3′,4′,5,7-tetrahydroxyflavanone (**7**), 5α-hydroxy-2-oxo-p-menth-6(1)-ene (**8**), 8-hydroxycarvotanacetone (**9**), (4*R*,6*R*)-6-hydroxypiperitone (**10**), (4*S*,6*R*)-6-hydroxypiperitone (**11**), 2-methyl-6-(*p*-tolyl) heptane-2,3-diol (**12**), protocatechuic acid (**13**), isovanillic acid (**14**), ethyl protocatechuate (**15**), 1,3,5-trimethoxybenzene (**16**), 4-hydroxy-4,7-dimethyl-1-tetralone (**17**), rel-(3*R*,3′*S*,4*R*,4′*S*)-3,3′,4,4′-tetrahydro-6,6′-dimethoxy\[3,3′-bi-2H-benzopyran\]-4,4′-diol (**18**), (-)-piperitol (**19**), 5,7-dihydroxychromone (**20**), β-sitosterol (**21**), n-dotriacontane (**22**), n-octacosanol (23), n-dotriacontanol (**24**), n-eicosanic acid (**25**), lignoceric acid (**26**), hexacosanoic acid (**27**), heptacosanoic acid (**28**), octacosyl palmitate (**29**), and dotriacontanyl hexadecanoate (**30**), by comparison of their NMR and MS data with those reported in the literature ([Supplementary materials](#s0160){ref-type="sec"}). The chemical structures of purified constituents (**1**--**30**) have been shown in [Fig. 1](#f0005){ref-type="fig"} and [S1 (Supplementary materials](#s0160){ref-type="sec"}).Fig. 1**Evaluation of Nrf2 inducing effects of purified constituents from the aerial parts of*****C. chartophyllum***. Hepa 1c1c7 cells were used for evaluation of QR inducing activity. Cells were treated with indicated doses of constituents for 24 h before QR inducing activities were determined. SF (2.0 μM) was used as a positive control. Results are expressed as mean ± SD (n = 3). \*p \< 0.05 treated versus control.Fig. 1

3.2. Evaluation of Nrf2 inducing effects of purified constituents {#s0110}
-----------------------------------------------------------------

To evaluate the Nrf2 inducing effect of purified constituents, we established a cell-based bioassay via measuring QR activity in heap 1c1c7 murine hepatoma cells [@bib19]. The data in the untreated control group were normalized as 1, and QR inducing activity of tested constituents was represented by the maximum folds of QR inducing activity (MQI) compared with the untreated control group. 1.5-fold of QR inducing activity (MQI = 1.5) under the tested doses was adopted as a criterion for the bioactive constituents. All of the purified constituents (**1**--**30**) were subjected to the QR inducing assay, and only six compounds, including a sesquiterpenoid (NLD, **1**), a biphenyl (THD, **2**), a lignan (**3**), and three flavonoids (**4**--**6**) demonstrated dose-dependent QR inducing effect with MQI ranging from 1.60 to 2.39 ([Fig. 1](#f0005){ref-type="fig"}). Compared to the positive control SF with an approximately 2.8-fold induction at 2.0 μM, these constituents displayed moderate QR inducing activities, but possessed broad effective dose range. The maximum untoxic doses were \> 100 μM for **1**--**4**, 50 μM for **5**, and 25 μM for **6** against heap 1c1c7 cells. These results suggested that constituents **1**--**6** displayed the potential of the Nrf2 induction, and might be the substances supporting the Nrf2 inducing effect of the *C. chartophyllum* extract.

To illustrate the mechanism of Nrf2 induction and preventive potential of bioactive constituents, we have selected NLD (**1**) previously reported from *Magnolia kobus* [@bib22], and THD (**2**) previously isolated *Cinnamomum cassia* [@bib23], for further investigation. The reasons for the selection are: (i) NLD and THD possess high potency on QR induction (MQIs \> 2.0), and have low toxicities (minimum inhibition concentrations \>100 μM); (ii) NLD and THD are novel Nrf2 activators, which have not been reported previously; (iii) although more potent than NLD and THD, flavonoids (**4**--**6**), are well-known Nrf2 activators that are lack of novelty. Therefore, detailed studies on the Nrf2 activation and cellular protection of NLD and THD have been performed.

3.3. Identification of NLD and THD as Nrf2 activators using human breast carcinoma cells {#s0115}
----------------------------------------------------------------------------------------

Previous to further studies, we confirmed the Nrf2 inducing potency of NLD and THD using human breast carcinoma MDA-MB-231 cell line, which was sensitive in response to Nrf2 inducers [@bib24]. We first evaluated the cytotoxicity of NLD and THD against MDA-MB-231 cells using the MTT assay. As shown in [Fig. 2](#f0010){ref-type="fig"}A, when cells were treated with NLD and THD for 24 h, no evident toxicities were observed below 100 μM, and accordingly the doses \< 50 μM were selected for further study. Next, a dual-luciferase reporter gene assay was adopted to investigate Nrf2 induction by NLD and THD in MDA-MB-231 cells. Both NLD and THD induced the transcriptional activity of Nrf2 in a dose-dependent manner ([Fig. 2](#f0010){ref-type="fig"}B). The maximum inductions were about 2.5-fold for NLD, and 3.0-fold for THD at 50 μM. Similarly, the protein levels of Nrf2 and its downstream genes, NQO1 and γ-GCS, dose-dependently increased after exposure of cells to NLD and THD for 18 h ([Fig. 2](#f0010){ref-type="fig"}C). These data confirmed that NLD and THD were two activators of Nrf2 signaling pathway.Fig. 2**Identification of NLD and THD as Nrf2 activators in human breast carcinoma cells**. (A) NLD and THD had no cytotoxicities up to 100 μM. MDA-MB-231 cells were treated with different doses of NLD and THD for 24 h, and then cell viability was examined by the MTT assay. (B) NLD and THD induced ARE-luciferase activity in a dose-dependent manner. MDA-MB-231 cells were transfected with ARE-luciferase plasmid and renilla luciferase expression plasmid, and then treated by different concentrations of NLD and THD for 18 h. (C) NLD and THD dose-dependently induced the protein expressions of Nrf2, NQO1, and γ-GCS. Cells were treated by indicated doses of NLD and THD for 18 h, and then total cell lysates were determined by immunoblot analysis. SF (5.0 μM) was used as a positive control. Results are expressed as mean ± SD (n = 3). \*p \< 0.05 treated versus control.Fig. 2

3.4. NLD and THD activate Nrf2 signaling pathway in human lung epithelial cells {#s0120}
-------------------------------------------------------------------------------

Since the direct exposure to the environmental oxidants and toxicants, the lung is the major target organ for oxidative insults and carcinogenicity. Nrf2-mediated cytoprotection plays adominant role for lung tissue counteracting oxidative damages, and therefore the capacity of NLD and THD to activate the Nrf2 pathway has been investigated in human normal lung epithelial Beas-2B cells. We first detected the toxicity of NLD and THD in Beas-2B cells to determine the treatment doses. When cells were exposed to NLD and THD for 48 h, there was no significant toxicities below 100 μM for NLD, and 25 μM for THD ([Fig. S2 in Supplementary materials](#s0160){ref-type="sec"}). Thus, the doses ≤ 100 μM for NLD, and ≤ 25 μM for THD were chosen for subsequent Beas-2B cell-based assay. We have also detected the protein levels of Nrf2, Keap1, NQO1 and γ-GCS in response to the NLD and THD treatments for 18 h under the doses ranging from 0.39 to 100 μM ([Fig. 3](#f0015){ref-type="fig"}A). When cells were exposed to NLD, the expressions of Nrf2, NQO1 and γ-GCS could be induced at 1.56 μM and reached the maximum levels at 50 μM. Similarly, Nrf2-mediated cytoprotective genes were activated by THD at 0.78 μM, and reached its climax at 25 μM. The decreased protein levels of these two constituents at high doses were caused by the cytotoxicity. Both NLD and THD had no effect on Keap1 protein levels under the tested doses. Next, the time dependent inductions of Nrf2, Keap1, NQO1 and γ-GCS by NLD and THD were investigated ([Fig. 3](#f0015){ref-type="fig"}B). The protein level of Nrf2 in cells treated by NLD and THD increased as early as 4 h, reached the highest level at 24 h, and then gradually decreased to the basal level. The two downstream genes, NQO1 and γ-GCS, demonstrated continuous upregulation, and reached the maximum level at 36 h. Again, no effect on Keap1 protein expression was observed. When cells are exposed to activators, Nrf2 translocates into the nucleus and induces the transcription of a series of target genes. Therefore, we investigated whether NLD and THD could induce Nrf2 nuclear translocation using immunofluorescence assay. As expected, Nrf2 proteins were mainly localized in the cytoplasm in the control group, and were accumulated in the nucleus after NLD and THD treatments ([Fig. 3](#f0015){ref-type="fig"}C). Next, to investigate the effect on stabilization of Nrf2 protein, we tested the half-life of Nrf2 in presence or absence of NLD and THD (12.5 μM). As shown in [Fig. 3](#f0015){ref-type="fig"}D, the half-life of Nrf2 in the basal condition was about 14.7 min; however, the half-life of Nrf2 increased to 25.8 min and 31.7 min after NLD and THD treatments. Collectively, these results suggested that NLD and THD induced expression of Nrf2 and its target genes by enhancing the nuclear translocation, stabilizing Nrf2 protein, and upregulating Nrf2 at the protein level in lung epithelial cells.Fig. 3**NLD and THD activated Nrf2 signaling pathway in human lung epithelial cells.** (A) NLD and THD dose-dependently induced the expressions of Nrf2, NQO1, and γ-GCS, but had no effect on Keap1. Cells were treated by indicated doses of NLD and THD for 18 h, and then total cell lysates were analyzed by immunoblot analysis. (B) NLD and THD induced Nrf2, NQO1, and γ-GCS, but had no effect on Keap1 in the time course study. Beas-2B cells were treated with NLD and THD at 12.5 μM for the indicated duration, and total cell lysates were subjected to immunoblot analysis. Results are expressed as mean ± SD (n = 2). \*p \< 0.05 treated versus control. (C) NLD and THD induced the nuclear translocation of Nrf2. Beas-2B cells were pre-incubated with or without NLD and THD (12.5 μM) for 18 h, and then subjected to indirect fluorescence staining. SF (5.0 μM) was used as a positive control. (D) NLD and THD increased the half-life of Nrf2. Beas-2B cells were left untreated or treated with NLD and THD (12.5 μM) for 8 h. CHX (50 μM) was added to block protein synthesis. Cells were harvested at the indicated time point, and total cell lysates were subjected to immunoblot analysis.Fig. 3

3.5. THD has the potential of interrupting Nrf2-Keap1 protein--protein interaction {#s0125}
----------------------------------------------------------------------------------

Since Nrf2-Keap1 protein--protein interaction (PPI) has been regarded to be a key point for regulating Nrf2 activation, the molecular docking analysis was performed to determine whether the activation of Nrf2 might be attributed to direct inhibition of Nrf2-Keap1 PPI. NLD possessed a chain sesquiterpenoid skeleton, which is flexible and unreasonable as a PPI inhibitor. Only THD was subjected to the docking analysis to determine its potential binding mode to the Keap1. We firstly analyzed the Keap1 domains and their functions, and confirmed the Keap1 kelch domain to be the binding site ([Fig. 4](#f0020){ref-type="fig"}A). Next, the Keap1 cocrystal was downloaded, and the docking analysis was completed using SYBYL-X, Gold, and PyMol programs. The docking mode of THD in the binding site of Keap1 (PDB code 5FNQ) has been displayed in [Fig. 4](#f0020){ref-type="fig"}B (front view) and 4 C (top view). As shown in [Fig. 4](#f0020){ref-type="fig"}D, there were three hydrogen bond interactions between THD and amino acid residues in Keap1. The three interactions were hydrogens at 1, 2, 1′- hydroxyl groups of THD to Leu365, Ser508, and Leu557 in Keap1, with the distances of 1.6 Å, 2.4 Å, and 1.7 Å, respectively. These results implied that THD might possess capability of interrupting Nrf2-Keap1 PPI attributing to the activation of Nrf2 pathway.Fig. 4**Proposed docking mode of THD in the binding site of Keap1 (PDB code 5FNQ).** (A) Domain structure of Keap1 and their functions. Keap1 contains three major domains, which are BTB, IVR and Kelch/DGR. The BTB domain involves in Keap1 homodimerization and associates with Cul3. The IVR domain connects the BTB domain with Kelch/DGR domain. The Kelch/DGR domain mediates binding with the Neh2 domain of Nrf2, and is the Nrf2-Keap1 interaction inhibitor binding site. (B) Front view, and (C) top view of the docking mode of THD in the binding site of Keap1. (D) The potentials interaction between THD and Keap1 via hydrogen bonds. Keap1 was shown in cartoon representation. THD and key amino acid residues in Keap1 were shown in sticks. Potential hydrogen bonds were depicted in red dot lines and the distances (Å) were labeled. The binding mode was derived from SYBYL-X and GOLD programs, and the images were generated by PyMol software.Fig. 4

3.6. NLD and THD protect human lung epithelial cells against As(III)-induced cytotoxicity {#s0130}
-----------------------------------------------------------------------------------------

To examine the feasibility of using NLD and THD for prevention against environmental toxicant-induced lung tissue damage, these two Nrf2 activators, NLD and THD, have been tested in an As(III)-induced cytotoxicity model *in vitro*. Firstly, we tested the effectiveness of NLD and THD in protecting Beas-2B cells against As(III)-induced cell death. As shown in [Fig. 5](#f0025){ref-type="fig"}A, pretreatments with indicated doses of NLD and THD for 8 h significantly inhibited cell death in response to 10 μM As(III) treatment, and pretreatments with 25 μM NLD and 1.56 μM THD achieved the best protective effect. Importantly, treatment of cells with 25 μM NLD and 1.56 μM THD alone could activate Nrf2-mediated cytoprotection without any cytotoxicity ([Fig. S2](#s0160){ref-type="sec"}), and thus were chosen for the subsequent experiments. Next, after pretreatments of NLD (25 μM) and THD (1.56 μM) for 8 h, Beas-2B cells were treated with the indicated does of As(III). NLD and THD significantly improved cell survival ([Fig. 5](#f0025){ref-type="fig"}B). In addition, NLD and THD dose-dependently increased the intracellular reduced GSH level ([Fig. 5](#f0025){ref-type="fig"}C). Since As(III)-induced toxicity was caused by upregulation of ROS, we measured the intracellular ROS level [@bib25]. Treatment with 5 μM As(III) alone significantly enhanced ROS levels, but it could be reverted by pretreatment with 25 μM NLD and 1.56 μM THD ([Fig. 5](#f0025){ref-type="fig"}D). While these two doses for NLD and THD alone had no impact on ROS levels ([Fig. 5](#f0025){ref-type="fig"}D). Finally, we determined the effect of NLD and THD on As(III)-induced apoptotic cell death. As depicted in [Fig. 5](#f0025){ref-type="fig"}E, AO/EB staining indicated that 5 μM As(III) treatment increased the number of apoptotic cells, whereas pretreatments with NLD (25 μM) and THD (1.56 μM) blocked the increase of apoptotic cell number. Apoptotic cell death was quantified using Annexin V-FITC/PI flow cytometry, which confirmed the protection of NLD and THD against As(III)-induced damages ([Fig. 5](#f0025){ref-type="fig"}F). It is noted that NLD and THD alone have no effect on cell apoptosis. Taken together, these results demonstrated that NLD and THD were able to enhance intracellular redox capacity, inhibit As(III)-induced oxidative stress, and protect lung epithelial cells against As(III)-induced toxicity.Fig. 5**NLD and THD protect human lung epithelial cells against As(III)-induced cytotoxicity**. (A, B) NLD and THD protected Beas-2B cells against As(III)-induced cell death. For A, Beas-2B cells were pretreated with indicated doses of NLD and THD for 8 h and treated with 10 μM As(III) for 24 h. For B, Beas-2B cells were pretreated with NLD (25 μM) and THD (1.56 μM) for 8 h and then treated with the indicated does of As(III) for 24 h. Cell viability was measured using the MTT assay. (C) NLD and THD increased intracellular GSH levels. Beas-2B cells were treated with indicated doses for 24 h, and the levels of reduced GSH were analyzed using GSH detection kits. SF (5 μM) was used as a positive control. (D) NLD and THD reduced the As(III)-induced upregulation of intracellular ROS level. Beas-2B cells were pretreated with NLD (25 μM) and THD (1.56 μM) for 8 h and then treated with 5 μM As(III) for 10 h. The level of ROS was determined using the ROS detection kits. (E, F) NLD and THD inhibited As(III)-induced cell apoptosis. Beas-2B cells were left untreated or pretreated with NLD (25 μM) and THD (1.56 μM) for 8 h and then treated with 5 μM As(III). Apoptotic cell death was detected using AO/EB staining with fluorescence microscope (E) or Annexin V-FITC/PI staining with flow cytometry (F). SF (2 μM) was used as a positive control. Results were expressed as mean ± SD (n = 3). \*p \< 0.05 treated versus control; ^\#^p \< 0.05 treated versus As(III).Fig. 5

4. Discussion {#s0135}
=============

*Cinnamomum chartophyllum* enjoys limited regional distribution in China [@bib20], and few findings on its phytochemical and pharmacological aspects have been reported. In the present research, we have identified thirty constituents from this plant, including six terpenoids (**1**, **8**--**12**), one diphenyl (**2**), two lignans (**3** and **19**), four flavonoids (**4**--**7**), four aromatic compounds (**13**--**16**), one naphthalenone derivative (**17**), two chromone derivatives (**18** and **20**), one steroid (**21**), and nine aliphatic compounds (**22**--**30**) ([Fig. 1](#f0005){ref-type="fig"} and [S1](#s0160){ref-type="sec"}). To our knowledge, this is the first report on the chemical composition of this plant. Surprisingly, *C. chartophyllum* did not contain the cinnamonyl-based constituents (e.g. cinnamaldehyde), a group of substances responsible for the biological functions (particularly the Nrf2 inducing effect) of the plants from genus *Cinnamomum* [@bib26], [@bib27], [@bib28]. This unexpected finding implied that *C. chartophyllum* contained undiscovered Nrf2 activators.

QR is a phase II detoxifying enzyme possessing the capability of protecting cells and tissues against oxidants and toxicants (e.g. quinones and electrophilic compounds), and is regulated by Nrf2 [@bib29], [@bib30]. Herein, with the exception of the well-known Nrf2 activators flavonoids (**4**--**6**) and a lignan (**3**), NLD and THD demonstrated QR inducing activities for the first time ([Fig. 1](#f0005){ref-type="fig"}) [@bib13]. Thus, it was concluded that the Nrf2 inducing effect and the protective effect against oxidative insults of the EtOH extract of *C. chartophyllum* were attributed to the combined effects of terpenoid (**1**), diphenyl (**2**), lignan (**3**), and flavonoids (**4**--**6**) [@bib18]. Currently, the known Nrf2 activators are classified into ten classes based on their structures [@bib15], [@bib16]. Based on this theory, NLD and THD belong to the two distinct groups, which are the Michael acceptor for NLD and the polyphenol for THD. Since their significant QR inducing effects and the rare findings on their biological aspects, NLD and THD were chosen for the further investigation. We adopted MDA-MB-231 cell line, which was suitable for identification of Nrf2 activators because of a very low basal cellular Nrf2 level [@bib17], [@bib18], to confirm the inductions of Nrf2-mediated defensive system by NLD and THD. Consistent with the QR assay, NLD and THD activated the Nrf2 pathway ([Fig. 2](#f0010){ref-type="fig"}).

Cumulative evidences have proved that Nrf2 is highly expressed in relative abundance in human lung tissue, to counteract the insults caused by environmental oxidants and toxicants [@bib31]. Plenty of Nrf2 inducers, exemplified by SF, resveratrol, xanthohumol, tanshinone I, bis\[2-hydroxybenzylidene\]acetone, have demonstrated protective and therapeutic effects on lung disorders [@bib10], [@bib17], [@bib32], [@bib33], [@bib34]. Nrf2 is a good target for discovering agents possessing therapeutic effect on human lung diseases [@bib35], [@bib36], [@bib37]. In this study, experiments *in vitro* were performed using Beas-2B cells to evaluate the Nrf2 inducing effect of NLD and THD on human normal lung tissue. We have found that NLD and THD significantly activated Nrf2 and its downstream genes, NQO1, and γ-GCS, and enhanced the nuclear translocation and stabilization of Nrf2 in human lung epithelial Beas-2B cells ([Fig. 3](#f0015){ref-type="fig"}). According to these data, NLD and THD are verified to be canonical Nrf2 activators. More importantly, NLD and THD had no toxicity under the Nrf2 inducing doses in Beas-2B cells, and hada broad effective dose range ([Fig. 3](#f0015){ref-type="fig"}A and [S2](#s0160){ref-type="sec"}). Furthermore, NLD and THD-mediated Nrf2 activations in Beas-2B cells are intermittent ([Fig. 3](#f0015){ref-type="fig"}B), which are similar to that of chemopreventive agents (e.g. SF), but different from that of toxicants and carcinogens [@bib38].

Nrf2-Keap1 PPI is an important Keap1-dependent mechanism for regulating Nrf2 activation [@bib16], [@bib39]. The kelch domains of Keap1 homodimer associate with the Neh2 domain of Nrf2 [@bib8]. Some peptides that mimic the Nrf2 protein were able to disrupt Keap1-Nrf2 PPI and activate Nrf2 pathway [@bib40], [@bib41]. Presently, seeking Nrf2-Keap1 PPI inhibitors using the virtual screening method and computational approaches represents a promising strategy to discover Nrf2 inducers. It promoted the discovery of plenty of small molecules to be Nrf2 activators through interrupting Nrf2-Keap1 PPI [@bib38], [@bib42], [@bib43]. Our data indicated that THD interacted with three bonds in the kelch domain of Keap1, and demonstrated a potential capability of interrupting Nrf2-Keap1 PPI ([Fig. 4](#f0020){ref-type="fig"}).

Arsenic is a ubiquitous environmental contaminant existed in groundwater, soil and dust, which poses a dreadful threat to human across the world [@bib44]. Exposure to arsenic gives rise to many health disorders, such as cancer, diabetes, chronic inflammation and hypertension, in various human organ systems. Among them, the lung is the major target organ for arsenic-induced acute or chronic toxicities [@bib45], [@bib46], [@bib47], [@bib48]. Emerging evidences indicated that arsenic induced lung injury since its ability to generate ROS and elevate oxidative burden by disturbing the antioxidant/oxidant balance in lung [@bib49]. We next investigated whether NLD and THD could be used as agents to protect cells against As(III)-induced oxidative insults in human lung epithelial Beas-2B cells. GSH is an endogenous antioxidant with the abilities of scavenging intracellular ROS and thus preventing damages to cellular components caused by ROS [@bib50]. As shown in [Fig. 5](#f0025){ref-type="fig"}, NLD and THD treatments enhanced GSH levels and reduced As(III)-induced ROS levels. The effect of upregulating GSH level by NLD and THD was consistent with their function on increasing protein expression of γ-GCS, which was a key enzyme for GSH synthesis [@bib51]. Because ROS are involved in the As(III)-induced cytotoxicity, inhibition of the ROS production by NLD and THD definitely enhanced cell viability, and reduced cell apoptosis caused by the exposure to As(III). These results supported the potential uses of NLD and THD for the prevention of oxidative stress in human lung tissue.

5. Conclusions {#s0140}
==============

In summary, our findings indicated that sesquiterpenoid, biphenyl, lignan, and flavonoids contributed to the reported preventive effect of *C. chartophyllum* against oxidative insults via Nrf2 activation. The sesquiterpenoid NLD and the biphenyl THD are novel Nrf2 activators identified for the first time in this research, and also display the potential of these two newly identified Nrf2 activators as preventive agents against As(III)-induced oxidative stress in Beas-2B cells. Our results implied the potential applications of *C. chartophyllum* against oxidative stress-related diseases (e.g. COPD, diabetes, cardiovascular diseases). Future directions call for a further biological evaluation to illustrate the detailed mechanisms by which NLD and THD activate the Nrf2 pathway, and a sufficient pharmacological investigation *in vivo* to confirm the prevention of NLD and THD, as well as *C. chartophyllum* against oxidative stress-induced diseases.
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